International Journal of Environmental Science and Technology (2020) 17:1225-1238
https://doi.org/10.1007/s13762-019-02537-7

ORIGINAL PAPER q

Check for
updates

Development and evaluation of treatment options for recycling
ablution greywater

Md. Shafiquzzaman'® - S. K. Alharbi’ - H. Haider' - S. S. AlSaleem’ - A. R. Ghumman'

Received: 6 November 2018 / Revised: 1 September 2019 / Accepted: 9 September 2019 / Published online: 14 September 2019
© Islamic Azad University (IAU) 2019

Abstract

This study aimed to develop and evaluate five simplified AGW treatment options with or without low-cost ceramic filters,
including direct ceramic filtration, alum coagulation—sedimentation, alum coagulation—sedimentation—ceramic filtration, alum
coagulation—sedimentation—activated carbon, adsorption—sedimentation, and ceramic filtration—activated carbon adsorption—
sedimentation. In raw AGW, concentrations of turbidity (14.8 NTU), TSS (24 mg/L), COD (63.2 mg/L), BOD (37.0 mg/L),
and fecal coliform (884 MPN/100 mL) exceeded the greywater reuse standards for unrestricted irrigation, toilet flushing, and
firefighting. In laboratory experiments, first three treatment options produced almost similar effluent with residual turbidity
1.5 NTU, COD 35 mg/L, and BOD 20 mg/L. Addition of the activated carbon to the last two treatment options enhanced
the BOD and COD removals (< 12 mg/L). Multicriteria decision-making was performed to evaluate all the AGW treatment
options against effluent water quality, treatment cost, land requirements, and need of skilled operators. Criteria weights were
estimated using Entropy method, while the technique for order preference by similarity to ideal solution was used to final
ranking of AGW treatment options. Results found direct filtration as the most feasible option to reuse AGW for restricted
irrigation, and for unrestricted irrigation, toilet flushing, and firefighting, the ceramic filtration—activated carbon adsorp-
tion—sedimentation treatment process would be the more feasible option.

Keywords Ablution greywater - Recycling - Treatment options - Ceramic filter - Alum coagulation - Activated carbon
adsorption

Introduction

Most of the arid and semiarid countries in Gulf region,
including the Kingdom of Saudi Arabia (KSA), are facing
a serious threat of limited fresh water resources. Due to
the development of these countries in every domain and an
increasing population, this issue will become more critical in
the near future. Consequently, significantly increased water
demand will cause a decrease in the level of groundwater,
the main source of fresh water in these regions (Ouda 2013).
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In arid and semiarid regions, renewable groundwater and
surface water supplies are limited, and climate change is
expected to further increase water demand (Hellegers et al.
2013).

Due to the limited water resources in these regions,
it is necessary to reconsider greywater reuse to reduce
the demand of groundwater and other freshwater water
resources. However, greywater treatment for reuse is a com-
plex and expensive process, as the existing plumbing system
makes it difficult to separate greywater from black water.
Previous studies based on sustainability recommended
separating the plumbing system for the collection and treat-
ment of black and greywater (Otterpohl 2002). Greywater
represents the major part of domestic wastewater, with low
content of pathogens, organic material, and nutrients, and
therefore can be treated and reused easily (Noutsopoulos
et al. 2018). Ablution water is a kind of greywater that is
produced from the washing of a certain part of the body
(wudhu) before performing prayers for Muslims.
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In most Middle East countries, mosques produce a large
amount of ablution greywater (AGW). The quality of AGW
is better than the domestic greywater produced from wash-
ing, cooking, and bathing (Suratkon et al. 2014; Mohamed
et al. 2016). Therefore, AGW can be easily reused by
introducing cost-effective and simple treatment methods
(Suratkon et al. 2014) in order to contribute to sustainable
development and water resource conservation without com-
promising public health and environmental pollution. In
recent years, some Middle East countries, including KSA,
have reconsidered reusing greywater for some restricted
and unrestricted irrigation purposes. However, the process
is limited by some major constraints, such as a lack of public
and social awareness and sustainable treatment systems.

In most Middle Eastern countries, including KSA, the
AGW from mosques is being discharged directly into sew-
erage drains. Generally, ablution water is neutral in pH
(6.92-7.10) with COD varying between 50 and 70 mg/L,
BOD varying between 20 and 40 mg/L, TSS varying between
5 and 146 mg/L, turbidity varying between 10 and 30 NTU,
and E. coil varying between 100 and 1000 CFU/100 mL.
(Al-Wabel 2011; Mohamed et al. 2016). The quality of ablu-
tion greywater suggests that a basic and simple treatment
system could be applied to recycle and reuse for non-potable
water applications, such as landscaping, toilet flushing, car
washing, and irrigation (Suratkon et al. 2014).

Several studies have been conducted on the treatment
of greywater produced from kitchens, baths, and laundry.
Based on the required reuse application, different treat-
ment technologies, including physical (March et al. 2004),
chemical (Lin et al. 2005; Pidou et al. 2008), and biological
(Fountoulakis et al. 2016; Atanasova et al. 2017) methods
have been proposed and studied for greywater treatment.
However, the current research on the treatment and recycling
of AGW is limited.

To our knowledge, very few researches based on physi-
cal-chemical methods using sand filter for AGW treatment
have been published (Prathapar et al. 2006; Al-wabel 2011;
Al-Mughalles et al. 2012; Mohamed et al. 2016). However,
those treatment systems possess some drawbacks, including
being difficult to maintain and less effective to contaminant
removal. For instance, sand filter is a low-cost technique for
greywater treatment, but is restricted by low efficiency of
BOD, COD, and TOC removal and frequent clogging prob-
lems (Li et al. 2009; Zipf et al. 2016). In our previous stud-
ies, a low-cost ceramic filter (made of clay soil and rice bran)
was successfully applied to treat household wastewater and
greywater (Hasan et al. 2011, 2015). This filter, combined
the coagulation and flocculation processes, has also been
applied to treat sand filter backwash water and produced
high-quality recyclable water (Shafiquzzaman et al. 2018).
Advantages of using a ceramic filter are that it is easy to
maintain due to prolonged operation without clogging, has
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low sludge production due to chemical-free operation, is a
simple backwash procedure, has low energy consumption,
low operating cost, and does not need a very skilled pro-
fessional to operate the system (Hasan et al. 2011, 2015;
Shafiquzzaman et al. 2018). Therefore, using a low-cost
ceramic filter for AGW treatment may have positive tech-
nological and environmental impacts and would open a new
door to sustainable AGW management. Alum coagulation
and activated carbon (AC) adsorption processes have been
widely used for wastewater and greywater treatment because
of their efficacy to remove wide range of pollutants (Lin
et al. 2005; Pidou et al. 2008). Therefore, ceramic filtration
integrating with alum coagulation or AC adsorption would
be feasible treatment options for AGW. In addition to envi-
ronmental and technical aspects, the economical evaluation
of different AGW treatment systems, conducted in this study,
will contribute the sustainability of AGW reuse. To the best
of authors’ knowledge, the efficacy of ceramic filtration with
or without alum coagulation and AC adsorption for treating
AGW has not been evaluated, so far.

From this perspective, this study aimed to develop five
simplified methods for the treatment of AGW using a low-
cost ceramic filter, alum coagulation and activated carbon
adsorption either individually or combining. The specific
objectives are: (1) conduct laboratory scale continuous and
batch experiments to investigate the contaminant removal
efficiency of each treatment option for targeting reuse
applications, (2) evaluate economic feasibility of the full
scale unit for each AGW treatment option, and (3) evalu-
ate and rank all the AGW treatment options against effluent
water quality, treatment cost, land requirements, and need
of skilled operators by performing multicriteria decision-
making (MCDM).

Materials and methods
AGW production and sampling

A medium-sized mosque (Al-Ajaji mosque) located in
Buraidah, KSA, was selected for this study. AGW was col-
lected from Al-Ajaji mosque using a cylindrical container.
AGW, mixed with black water, is currently being discharged
into the municipal sewerage system. Ablution water flows
out from the ablution room to the municipal sewer through
a 100-mm drain pipe. A cylindrical container (diameter
400 mm and height 1.2 m) was installed at the outlet of
the ablution drain pipe to estimate AGW production and
collect AGW samples. The quantity of ablution greywater
received by the cylinder was calculated by estimating the
height of AGW level in the cylinder. The number of people
who performed ablution was counted, and the amount of
water received by the cylinder was measured separately for
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each of five daily prayers. The production of ablution grey-
water (L per prayer/person) was calculated by dividing the
total number of people by the amount of ablution greywater
received by the collection cylinder in one prayer. Twelve
samples were collected at 12 different prayer times. After
collection, AGW samples were transported to the laboratory
and analyzed for physical, chemical, and biological param-
eters. Samples were also used for the experiments without
any pre-treatment.

Low-cost ceramic filter

This research investigated the possible applications of a
low-cost ceramic filter for the treatment of AGW. The low-
cost ceramic filter was manufactured using locally available
materials (clay soil and saw dust). Details of the manufactur-
ing process of the filter are described in our previous study
(Shafiquzzaman et al. 2011). In brief, a cylindrical filter was
made using dough produced by mixing clay soil and sawdust
with water at a ratio of 80:20 by weight. The dough was then
cast in a cylindrical mold to make the filter. The filter was
then fired at 900 °C for 4-5 h in a pottery kiln. The final
filter was cylindrical in shape (Fig. 1), having a pore size of
1-5 pm. The manufacturing cost of filter was estimated to
be 0.2-0.3 US$/filter (Shafiquzzaman et al. 2011).

Alum and activated carbon (AC)

Powdered aluminum sulfate hydrate (Al, (SO,);-12H,0)
was purchased from WETICO—Water and Environment
Technologies Co., Ltd., KSA, and used as the coagulant.
Before each experiment, a fresh coagulant solution (10 mg/
mL concentration) was prepared by mixing 10 g of alum
powder in 1 L of distilled water. Activated carbon (AC)
used in this study was obtained from a CTO-10 (Riverpure,
Taiwan) carbon block cartridge filter that was purchased
from the local market in Buraidah city, KSA. The activated
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Fig. 1 a Schematic diagram of ceramic filter. b Ceramic filter after
firing

carbon was extracted from the filter used in this study. The
key characteristics of the activated carbon were: bulk parti-
cle density 372 kg/m?, moisture content 6.7%, and particle
size 0.2-1.8 mm.

Development of treatment options for AGW

Laboratory experiments were conducted to investigate the
efficiencies of five treatment options to treat AGW. Fig-
ure 2a—e shows the five treatment options investigated in
the present study: (a) direct ceramic filtration (DF), (b)
coagulation—sedimentation (CS), (c) coagulation—sedimen-
tation—ceramic filtration (CSF), (d) coagulation—sedimenta-
tion—AC adsorption—sedimentation (CSAS), and (e) filtra-
tion—AC adsorption—sedimentation (FAS).

The five treatment options were evaluated separately, and
efficiencies were examined by monitoring the water quality
of treated AGW for each process. As the main focus of this
study was to evaluate the possible applications of a low-cost
ceramic filter for AGW treatment, only the DF treatment
process was monitored in detailed by measuring pH, TSS,
TDS, turbidity, COD, BOD, PO,~P, NH,—N, and fecal coli-
form, while for the other four treatment options, pH, TDS,
turbidity, COD, and BOD were monitored, because none
of these parameters except turbidity and COD in raw AGW
exceeded the greywater reuse guidelines for restricted irriga-
tion in KSA. As ceramic filter is also used in CSF and FAS
treatment options, the measured parameters in DF options
are comparable with these two treatment options.

Jar tests for optimum doses of alum and AC

Optimum alum and AC doses were determined by a standard
jar test procedure using a 1000-mL glass beaker. Coagula-
tion tests were performed at 0, 5, 10, 20, 30, and 50 mg/L
alum doses. A standard jar test was carried out to perform
coagulation and flocculation experiments using a four stirrer
A&F jar test apparatus (JM4, Nvatech International). Jar test
was performed in three stages: 2 min rapid mixing at 100
revolutions per minute (rpm) in the initial first stage, fol-
lowed by a slow mixing for 20 min at 40 rpm, and the final
settling stage for another 30 min (Zheng et al. 2013). Opti-
mum alum dose was determined by measuring the residual
turbidity. AC-adsorption tests were performed at 0, 0.1, 0.2,
0.3, and 0.5 g/L of AC doses. In AC-adsorption tests, mixing
(40 rpm) was performed for 20 min, followed by settling for
30 min, then residual COD were measured, and the optimum
AC dose was determined.

Option 1: direct ceramic filtration (DF) experiments

In the DF experiments, raw AGW was directly fed to the
filtration tank and filtration was performed using suction

w @ Springer
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Fig.2 Schematic diagram of five alternatives for the treatment of
ablution greywater. a Option 1—direct ceramic filtration (DF), b
option 2—coagulation—segmentation (CS), ¢ option 3—coagulation—

pumps (Fig. 2a). The ceramic filtration tank was made of a
12-mm-thick thermoplastic glass with dimensions 40 cm in
length, 40 cm in width, and 60 cm in height. The ceramic
filter was submerged in the filtration tank and placed hori-
zontally on a plastic board to ensure the effective use of the
entire surface of the filter for filtration. The permeate (final
water) was obtained by suction pressure through the effluent
tube to the effluent tank.

Filtration was conducted in two consecutive fluxes of
700 L/m?/day (pressure 1.5 Kpa) and 1400 L/m*/day (pres-
sure 2.8 Kpa). The fluxes were chosen based on the range of
AGW production (400-1200 L/day) at small- to medium-
sized mosques in KSA found in the present study. Filtration
was continuously performed for 6 days at 700 L/m*day flux,
after which the flux rate was changed to 1400 L/m*/day for
6 days. Before the second run started, the filter was cleaned
with a soft brush and washed with tap water to remove accu-
mulated foul materials on the filter. Therefore, the initial
conditions for both runs were relatively similar. During fil-
tration period, the flow rate and pressure were recorded on
a daily basis to ensure the consistency of flux and pressure.
Raw AGW and filter permeate were collected on a daily
basis and analyzed for quality.

Option 2: coagulation-sedimentation (CS)
experiments

In the CS experiments, coagulation was performed in a coag-

ulation—-sedimentation tank at 20 mg/L of optimum alum
dose (Fig. 2b). Rapid mixing (100 RPM) was performed for

]
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sedimentation—ceramic filtration (CSF), d option 4—coagulation—
sedimentation—AC adsorption—sedimentation (CSAS), and e option
S5—filtration—AC adsorption—sedimentation (FAS)

2 min, followed by slow mixing (40 RPM) for 20 min, and
then settling for 30 min. Next, the suspension was trans-
ferred to the final effluent tank and analyzed for water qual-
ity. The experiments were performed on three consecutive
days to ensure reproducibility.

Option 3: coagulation-sedimentation—ceramic
filtration (CSF) experiments

The CSF experiment was carried out as continuous filtration
combined with the coagulation process. Figure 2c presents a
schematic view of the CSF experimental mode. The experi-
mental setup consisted of a coagulation—sedimentation tank
and a ceramic filtration tank. Coagulation—sedimentation
were performed as described as in the CS experiments. The
suspension of the coagulation—sedimentation tank was then
feed to the ceramic filtration tank using suction pumps, and
filtration was carried out continuously at a 1400 L/m?/day
flux rate for 3 days. Raw AGW, suspension of sedimentation
tank, and filter permeate were collected regularly, and water
quality was measured.

Option 4: coagulation-sedimentation-
AC-adsorption-sedimentation (CSAS) experiments

Figure 2d presents a schematic diagram of the CSAS
experimental setup. The CSAS experiments consisted
of a coagulation—sedimentation tank followed by an AC-
adsorption—sedimentation tank. At the first stage, coagula-
tion—sedimentation was performed as described in the CS
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experiments. The suspension of the coagulation—sedimenta-
tion tank was then fed to the AC-adsorption tank. A 0.2 g/L.
optimum AC dose (obtained from the AC-adsorption test)
was added to the AC-adsorption tank and mixed at 40 RPM
for 20 min, followed by settling for 30 min. Raw AGW,
supernatant from the coagulation tank, and supernatant from
the AC-adsorption tank were taken to measure water qual-
ity. The experiments were run for three consecutive days to
ensure reproducibility.

Option 5: filtration-AC-adsorption-sedimentation
(FAS) experiments

In the FAS experiments, at the first stage, direct filtration
was performed at 1400 L/m?%/day, as described in the DF
experiments. The permeate was then fed to the AC-adsorp-
tion—sedimentation tank. AC-adsorption experiments were
then performed, as described as in the CSAS experiments.
The experiments were continuously run for 3 days. Water
samples of raw AGW, filter permeate, and suspension of the
AC-adsorption—sedimentation tank were collected to meas-
ure the treated water quality.

Analytical methods

Physical, chemical, and biological analyses of the water
samples were conducted in the laboratory of Ministry of
Environment, Water, and Agriculture, Buraidah, Al-Qassim,
KSA. All water quality parameters were measured follow-
ing the standard methods for the examination of water and
wastewater analysis prescribed by American Public Health
Association (APHA 2005). pH was measured using an Hach
MP-6 (HACH, Loveland, CO, USA) portable pH meter. Tur-
bidity was measured using a Hach 2100Q turbidity meter
(2100Q, HACH, Loveland, CO, USA). Total dissolved solids
(TDS) were measured using a Hach HQ411d TDS meter
(HACH, Loveland, CO, US). Alkalinity was measured by
titration with sulfuric acid. A Hach-DR5000 UV-Vis spec-
trophotometer was used to measure COD (reactor digestion
method), PO,—P (acid persulfate digestion method), NH,~N
(direct ISE method), Free Cl, (USEPA DPD Method), and
TSS (Photometric Method). Five-day BOD was measured
by the dilution method in a BOD incubator. Fecal coliform
(FC) was measured using a Quanti-Tray, which consists of
51 individually sealable cells. Oil and grease were measured
by the hexane extractable gravimetric method.

Statistical analysis (¢ test) was performed using Microsoft
Excel Analysis ToolPak to establish the significant varia-
tions of contaminates removal among the treatment options.
The difference is considered to be statistically significant for
p value <0.05.

Cost estimation of the treatment processes

The cost of a wastewater treatment process generally
includes investment, maintenance, and operation costs. The
investment costs can be subdivided into construction costs,
machinery and equipment costs, land costs, etc. The opera-
tion and maintenance costs of a wastewater treatment pro-
cess include energy consumption costs, chemical consump-
tion costs, sludge disposal costs, and personnel salaries.
Nevertheless, the aim of the current study was to evaluate
the economics of the treatment options. Therefore, differ-
ent investment costs (including construction cost of tank,
machinery and equipment cost and the filter cost), operating
cost (electricity), and the cost of chemicals (Alum and AC)
were considered for each process in the present study. The
cost per m> of AGW (US $/m®) was calculated based on the
annualized investment cost, filter cost ($/year), chemical cost
($/year), and operating costs ($/year) (Nandi et al. 2009).

Evaluation of AGW treatment options

Each of the AGW treatment options described above may
result in different water quality characteristics of the effluent.
In addition, all the options require varying costs (construc-
tion and operation), land requirements, and, need of skilled
operators. Figure 3 shows the overall hierarchy of the eval-
uation process. Therefore, the evaluation process of these
treatment options comes out to be a multicriteria decision-
making (MCDM) problem. In this research, Entropy method
is used for assigning the weights to all the criteria, while the
technique for order preference by similarity to ideal solution
(TOPSIS) is used for aggregating the criteria performance
scores and final ranking of AGW treatment options.

Entropy method for weights estimation

Entropy method investigates the irregularities among a given
set of data. The value of Entropy increases with increas-
ing level of irregularity. Higher value of entropy reflects
smaller differences between the options in a particular cri-
terion (i.e., criteria are less important) and results in smaller
criteria weight (Abdullah 2013). The method is used to find
out the criteria weights of different effluent quality param-
eters for the development of water quality index (WQI).
Subsequently, it is employed for assigning weights to the
top level criteria for evaluation of AGW treatment options
(see Fig. 3).

All the criteria ‘j’ need to be normalized with respect to
the option ‘i’ in a given decision matrix using the following
equation (Hang and Yoon 1981):

Yij
p.=—" for all i, (1)

! 2?:1 Yij

a
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Fig. 3 Hierarchy of assessment criteria for evaluation of AGW options

The entropy E; of the normalized matrix can be estimated
with the help of the following equation:

E=-a Z Pyin(Py) for all i,j )

i=1

where the constant @, for n number of options guaranteeing
that all the values of E; will range between ‘0’ and ‘1, is
defined as:

S
“= ) 3)

The weight of the criteria can be estimated as:

wy=d;/ Y d; forallj @

where d; is the degree of diversity among the options in a
given criterion j and is mathematically equal d;=1-E;.

In this research, decision-makers also defined a priori for
all the criteria. Subjective weights W; used in this research are
1 (very unimportant), 3 (unimportant), 5 (average important),
7 (important), and 9 (very important).

Final weights for each criterion are estimated for WQI and
evaluation of AGW options using the following relationship:

wW;

Wo=_—__17
J X (5)
Xi TW;

(]
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TOPSIS method for developing the WQI
and evaluating AGW treatment options

For aggregating the criteria scores, TOPSIS method is used
to first develop WQI at the lower hierarchy level and then
final ranking of AGW treatment options at the top of hier-
archy in Fig. 3. The aggregated indices are based on the
concept of similarity (i.e., relative closeness) to the positive
ideal solution (PIS) and the remoteness from the negative-
ideal solution (NIS). A step-by-step approach of the TOPSIS
method is given below (Haider et al. 2016):

Step 1 Estimation of weights of water quality parameters
and evaluation criteria.

Entropy method described above has been used to esti-
mate the importance weights.

Step 2 Checking need for normalization.

As all the water quality parameters and evaluation crite-
ria have different units, so there is a need for normalization
using the following equation for benefit criteria:

ry = X/ X; (6)
where r;; is the normalized value of x; and x is the maxi-
mum value of the jth criteria.

For cost criteria, firstly the criteria is transformed into
the benefit criteria using the inverse function (i.e., 1/x;) and
then the following equation has been used for normalization:

l/xy

hi = max{ 1/xi]-} )

Step 3 Development of weighted matrix.
The weighted matrix has been developed as:
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Vij = Wi (8)

where v;; is the weighted value of each criteria, wy; is the
corresponding weight of the parameters or criteria, and x;
is the normalized value of each criteria.

Step 4 ldentify positive-ideal and negative-ideal
solutions.

In terms of weighted scores, X" is defined as the posi-
tive-ideal solution (PIS) and X~ as the negative-ideal solu-
tion (NIS):

j?

{(mmnren) (s

* * * *k *
X = {vl,vz,...,v. ...,vn}

i= 1,...,m}

©
X = {vl_,v;,...,vj_,...,v;}
= {(miin vijL/eJ1>, (mlax vijlieb) i = 1,...,m}
(10)

where J, is the set of benefit criteria and J, is a set of cost
criteria. However, as all the criteria have been converted into
benefit criteria, so the maximum values (i.e., v,-j) have been
used for X* and the minimum values for X ™.

Step 5 Compute the distance for each option from PIS
and NIS.

The distances for all the criteria for each option are
estimated by the n-dimensional Euclidean distance. The
separation or distance of each criterion from the PIS has
been calculated as:

n 2 .
vr=A X () =L, (n

and the distance for each criteria form the NIS can be cal-
culated as:

n _ 2 .
vi= X (=) i=tem (12)

Step 6 Aggregate final weighted scores to calculate
WQI and rank the AGW treatment options by estimating
the similarities to PIS.

The overall water quality index and the score of each
AGW treatment are calculated as:

. Y

PP=—-—— i=1,....m
ey T "

The result of Eq. (13) was found in the form of ratio, so
it was multiplied by 100 to rationally translate the WQI.
For AGW treatment options, outcomes of Eq. (13) were
directly used for final ranking.

Results and discussion
AGW produced at Al-Ajaji mosque

Around 13-35 persons perform ablution at Al-Ajaji mosque
for five times in a day. Amount of AGW produced ranged
between 3.2 and 5.5 L/person/prayer with an average of
3.6 L/person/prayer. Therefore, 490-1400 L/day (average
950 L/day) of ablution water is being produced at the Al-
Ajaji mosque. These results are consistent with a previous
study conducted by Prathapar et al. (2006) in which an
average ablution greywater production ranging from 770 to
1940 L/day (with an average of 1220 L/day) was reported
for a medium-sized mosque in Oman.

Raw AGW quality

Table 1 presents the concentrations of primary contaminants
in AGW collected from the Al-Ajaji mosque. Values of pH
ranging between 7.7 and 8.1 are suitable for any reuse appli-
cation. Turbidity values in all the samples were found higher
than 10 NTU and were higher than the reuse standard of
KSA (MWE 2006). High variations were observed for COD
and BOD values in AGW. The concentration of BOD was
higher than 10 mg/L, i.e., KSA standards for unrestricted
irrigation (see Table 1). BOD of 40 mg/L (i.e., KSA reuse
standard for restricted irrigation) was found in 60% of raw
AGW samples.

Table 1 shows that TDS levels in all the raw AGW sam-
ples were less than KSA’s unrestricted irrigation standards
(Standard A). Free residual chlorine (Cl,) was not detected
in any of the AGW samples. Fecal coliform (FC) levels were
higher than reuse Standard A (see Table 1). The raw AGW
quality measured in this study showed that the mean val-
ues of turbidity, TSS, COD, BOD, and fecal coliform were
higher than the reuse Standard A. Therefore, the AGW needs
to be treated for unrestricted irrigation.

Determination of optimal dose of alum and AC
for AGW treatment

The results of jar test presented in Fig. 4a show that up
to 95% turbidity removal was achieved at 20 mg/L of
alum dose. The removal was constant and insignificant (p
value <0.05) while further increasing the alum doses of 30
and 50 mg/L. Based on these results, the optimal dose of
alum was found to be 20 mg/L.

In AC-adsorption test (Fig. 4b), residual COD was
achieved to be 14.1 mg/L at 0.1 g/L of AC dose and fur-
ther decreased to 10.4 mg/L at 0.2 g/L dose. No significant
change in residual COD was observed by increasing the AC

a
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Table 1 Quality of AGW at

. Parameter Unit n Mean (Min—-Max) STD Reuse standard Accept-
Al-Ajaji mosque and KSA able
standard for recycling greywater

A? B® A B
pH 10 7.9(7.7-8.1) 0.1 6.0-84 6.0-84 Yes Yes
TSS mg/L 9 24(19.0-35.0) 6.1 10 40 No  Yes
Alkalinity mg/L 10 77.1(67.2-86.0) 8.4 - - - -
Turbidity NTU 10 14.8(11.2-18.1) 2.1 5 5 No No
COD mg/L 10 63 (38-88) 19.1 - 50 No No
BOD mg/L 9 37(19-51.0) 12.6 10 40 No  Yes
TDS mg/L 10 213 (192-245) 17.5 2500 2500 Yes  Yes
Oil and grease  mg/L 10 0.004 (0.001-0.009)  0.003  nil nil Yes  Yes
PO,-P mg/L 10 0.2 (0.07-0.28) - - - -
NH,-N mg/L 10 0.34 (0.27-0.44) 0.1 - - - -
Free Cl, mg/L 10 0(0.0-0.0) 0.0 0.2 0.5 - -
Fecal coliform  MPN/100 mL 11 884 (756-982) 74.4 0.2 1000 No  Yes

A =KSA standard for unrestricted irrigation, toilet flushing, street and pedestrian, and firefighting (MWE
2006)

"B =KSA standard for restricted irrigation (MWE 2006)
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Fig.4 Jar test results to determine the optimum dose of a alum and b AC for COD removal. Error bars show the standard deviation of triplicate
samples

dose to 0.3 and 0.5 g/L. Therefore, the optimum dose of
AC was found to be 0.2 g/L. The optimum alum dose of
20 mg/L and AC dose of 0.2 g/L. were used in further labo-
ratory experiments to evaluate different treatment options. 1600 —eFlux = Pressure

Option 1: direct ceramic filtration (DF) system i;zz
1000
Variations of flux and pressure during 12 days of direct fil-
tration are presented in Fig. 5. None of the operating con-
ditions showed any significant change of flux or pressure
drop. These results indicate that the ceramic filter can be
operated for a long time with the flux ranging between 700
and 1400 L/m?%day without noticeable fouling of the filter. T 1 5 6 7 5 5 10
These results well agree with a previous study conducted by Filtation Time (day)
Shafiquzzaman et al. (2018) which reported that the ceramic

filter can be operated at 2000 L/m?/day continuously for Fig.5 Variation of flux and pressure during 12-day DF experiments
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22 days without fouling while treating highly turbid sand
filter backwash water. T test results showed no significant
differences (p value > 0.05) for removing TDS, turbidity,
COD, BOD, TSS, and fecal coliform for the two operating
flux conditions.

Figure 6a presents the results of turbidity and TSS
removal. Turbidity removal was found to be steady through-
out the filtration operation for both fluxes and provided high
turbidity removal. Effluent turbidity ranged from 0.5 to 2
NTU with an average value of 1.16 NTU. The results indi-
cate that almost all the suspended particles causing turbidity
were rejected by the low-cost microporous (1-5 um) ceramic
filter, while the colloidal particles might be absorbed onto
the clay-based filter. Previous studies reported that micro-
filtration (MF) membranes are highly effective at remov-
ing turbidity from greywater (Ramon et al. 2004; Kim et al.
2009). TSS removal was achieved with an average of 92%.
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Fig.6 Removal of a TSS and turbidity, b COD and BOD, and c fecal
coliform in the DF treatment process at two different fluxes

TSS removal was consistent for both the operating fluxes,
and effluent TSS ranged from 0.3 to 1.0 mg/L.

Figure 6b presents the removal performances of COD
and BOD. Efficiency of the COD removal achieved 43.3%.
The effluent of the filter produced an average of 32.0 mg/L
(SD==+11.1 mg/L) COD, and almost all samples were
below 35 mg/L (except on days 6 and 8). In the same man-
ner, average BOD removal efficiency was 33.2% (Fig. 6b).
The effluent of the filter produced an average of 19.8 mg/L
(£2.8 mg/L) BOD with no observations higher than
25 mg/L. The particulate forms of BOD and COD were
removed through physical straining of the filter surface,
whereas the parts of dissolved COD and BOD were adsorbed
on to the natural clay-based ceramic filter used in this study.
Natural clay has some sorption capabilities of organic from
wastewater (Ogunmodede et al. 2014).

Figure 6¢ shows the removal of fecal coliform (FC)
through low-cost ceramic filter from 882 MPN/100 mL
in raw AGW to 180 MPN/100 in the treated effluent. FCs
in about 60% of the effluent samples were found higher
than 100 MPN/100 mL and in 40% of the samples below
100 MPN/100 mL. Although significant removal was
achieved, FCs in the effluent were higher than the specified
values in reuse regulations, such as those for unrestricted
irrigation and toilet flushing (MWE 2006). Therefore, a dis-
infection process is recommended after filtration for reusing
the AGW.

Other parameters, such as pH, TDS, PO,~P, and NH,—N,
were also regularly monitored during the filtration opera-
tions (data not shown). pH was observed to increase to an
average 8.1 in the effluent from 7.5 in the raw water. TDS
was not removed by filtration (no removal from an aver-
age 264 mg/L). PO,—P was little higher in raw water and
increased at the effluent from an average 0.2 to 1.7 mg/L.
A significant decrease in NH,—N (i.e., 25.2+10.6% from
1.4 mg/L in raw AGW) was observed during the filtration
process.

Option 2: coagulation-sedimentation (CS)
treatment system

Figure 7a shows the removal of turbidity, COD, and BOD
in the CS treatment process. Turbidity was reduced to an
average of 1.5 (£0.10) NTU. The results indicate that most
of the particulate and colloidal particles were removed in
the flocculation stage which resulted in low turbidity in the
treated water. COD was reduced from 63 to 32.5 mg/L with
a standard deviation (SD) of 4.2 mg/L, while the BOD value
of 33.5 mg/L in raw AGW was reduced to 19.4 mg/L with a
SD of 2 mg/L. The removals of turbidity, COD, and BOD in
the CS treatment are almost similar to the removals observed
in DF treatment process.
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Fig. 7 Concentrations of turbidity, COD, and BOD before and after a CS
process. Error bars show the standard deviations of 3 consecutive samples

Option 3: coagulation-sedimentation—ceramic
filtration (CSF)

In the combination of coagulation—sedimentation and
ceramic filtration (CSF) experiments, the coagulation stage
produced effluent with a very high removal of turbidity and
moderate removals of COD and BOD (Fig. 7b). At the coag-
ulation stage, the average residual turbidity, COD, and BOD
were found to be 1.4 NTU (SD==+0.2 NTU), 35.9 mg/L
(SD==+7.3 mg/L), and 22.6 mg/L (SD=+4.9 mg/L),
respectively. After the filtration stage, residual turbidity,
COD, and BOD remained relatively constant with efflu-
ent turbidity, COD, and BOD concentrations of 0.6 NTU,
32.5 mg/L, and 19.4 mg/L, respectively. The results indicate
that the DF process can be a substitute of the CS process for
the treatment of AGW. Nevertheless, the cost and the oper-
ating techniques of these two processes must be considered
before selecting the best option.

* @ Springer
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Option 4: coagulation-sedimentation-AC
adsorption-sedimentation (CSAS)

Figure 7c shows the removal performances of turbidity,
COD, and BOD from AGW at each stage of CSAS treat-
ment process. Analyses showed that after the coagulation
stage, residual turbidity, COD, and BOD were 1.3 NTU
(SD==+0.2NTU), 36.5 mg/L (SD=+7.1 mg/L), and
22.6 mg/L (SD=+4.8 mg/L) respectively. After the AC-
adsorption stage, residual turbidity, COD, and BOD were
further reduced 0.7 (+0.3) NTU, 10.9 (+0.3) mg/L, and
9.9 (+1.0) mg/L, respectively, indicating that the AC stage
greatly improved the treatment efficiency and contributed
further to the reduction of COD and BOD. Previous stud-
ies also reported that activated carbon has high adsorption
capacity, higher surface area, and microporous structure to
remove BOD and COD from greywater (Sostar-Turk et al.
2005; Zipf et al. 2016).
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Option 5: filtration-AC adsorption-sedimentation
(FAS)

Figure 7d presents the removal of turbidity, COD, and
BOD in each stage of the FAS treatment process. At the
first stage after filtration, turbidity, COD, and BOD were
reduced to 1.2 (£0.8) NTU, 33.5 (£3.8) mg/L, and 21.0
(+=1.9) mg/L, respectively, and further decreased to 0.65
(£0.4) NTU, 11.4 (+1.3) mg/L, and 9.2 (£0.8) mg/L,
respectively, at the second stage of AC adsorption. The
residual turbidity, COD, and BOD values were almost
identical to those of the CSAS with FAS treatment process.

Evaluation of AGW treatment options
Development of WQI for each AGW treatment option

The effluent quality (pH, TDS, turbidity, COD, and BOD) of
the five treatment processes, investigated in this study, was
compared using the 7 test with a 95% confidence interval.
T test results verified whether there were significant differ-
ences between the water qualities treated by each system for
each parameter. The turbidity values in the effluents of all
the five treatment processes exhibited no significant differ-
ences (p value > 0.05).

The difference of COD and BOD removal in DF, CS,
and CSF was also not significant (p value >0.05). When
comparing the CSAS and FAS treatment processes with the
other three processes (DF, CS, and CSF), significant differ-
ences were seen in COD and BOD removal (p value < 0.05),
indicating that AC enhanced COD and BOD removal from
AGW. However, CSAS and FAS were not found signifi-
cantly different from each other in terms of COD and BOD
removal.

Table 2 shows the treated water quality of the five treat-
ment options. Disinfection stage is necessary for recycling
option A (Table 2). Raw AGW contains high concentra-
tions of turbidity (14.1 NTU) and moderate levels of COD
(63.2 mg/L), and BOD (37 mg/L). As per the KSA standards
for recycling greywater, the raw ablution water cannot be
recycled for any intended use (MWE 2006). Three treatment
processes, DF, CS, and CSF, provided water quality with pH
of 7.5-8.1, TDS of less than 500 mg/L, turbidity residuals
of less than 1.5 NTU, COD residuals of less than 35 mg/L,
and BOD residuals of less than 20 mg/L. The treated water
with these three options is suitable for restricted irrigation
(MWE 2006). In the CSAS and FAS treatment processes,
a significant improvement in BOD and COD removals was
achieved with average residual COD and BOD of less than
10 mg/L. The treated water from these two options is suit-
able for various intended uses after disinfection, including
unrestricted irrigation, toilet flushing, street washing, and
firefighting.

Importance weights of each water quality parameter were
estimating using the Entropy method described in Sect. 2.
Using the values of subjective weights w;, decision-mak-
ers established the priori for water quality parameters as
follows: pH and TDS are average important, turbidity is
important, and COD and BOD are very important. The cor-
responding weights for pH, turbidity, COD, BOD, and TDS
were estimated to be 0.004, 0.140, 0.552, 0.263, and 0.042,
respectively.

Table 2 presents the final results, while the detailed calcu-
lations for development of WQI are attached as “Appendix
A” (see Supplementary Information). The results show that
CSAS and FAS produced a high-quality effluent suitable for
unrestricted irrigation. However, these options need to be
further evaluated based on their cost, land requirements, and
need of skilled staff for their efficient operations.

Table 2 Treated water quality and water quality index of five different AGW treatment processes

Treatment process

Water quality parameters

Water quality index (WQI)

pH Tur- COD (mg/L) BOD (mg/L) TDS (mg/L) WQI values Subjective rating®
bidity
(NTU)
Raw AGW 79 148 63.2 37.0 213 - -
Direct ceramic filtration (DF) 8.1 1.2 31.3 19.9 340 4.13 Average
Alum coagulation—sedimentation (CS) 76 1.0 32.5 194 320 4.20 Average
Alum coagulation—sedimentation—ceramic filtration 7.5 0.6 325 19.4 317 4.20 Average
(CSF)
Alum coagulation—sedimentation-AC adsorption— 82 0.74 10.1 9.9 494 7.71 Very high®
sedimentation (CSAS)
Filtration—AC adsorption—sedimentation (FAS) 8.6 0.65 11.4 9.3 379 7.73 Very high®

*WQI ranging from 0 to 2 (very low), 2-3 (low), 3-5 (average), 5-7 (high), >7 (very high)

®Very high value of WQI represents that the effluent is suitable for unrestricted irrigation
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Table 3 Scoring matrix, estimated criteria weights, and final ranking for AGW treatment options

Treatment option WQI  Tentative cost  Land Need of skilled operators® Final ranks¢
estimates ($/m?) required — - P
(m?) Subjective rating Score Overall A° B
Priori® 9 5 1 - 3 - - -
Weights® 0431 0.304 0.067 - 0.198 - - -
Direct ceramic filtration (DF) 5.57 053 9.9 Low 3 3 - 1
Alum coagulation—sedimentation (CS) 557 0.67 5.8 Medium 5 4 - 2
Alum coagulation—sedimentation—ceramic filtration (CSF) 5.68  0.92 10.8 Medium 5 5 - 3
Alum coagulation—sedimentation—activated carbon adsorp- 9.50  1.31 6.6 High 7 2 2 -
tion—sedimentation (CSAS)
Filtration—AC adsorption—sedimentation (FAS) 9.52 1.06 10.7 Medium 5 1 1 -

#Subjective rating for need of skilled operators: very low (1), low (3), medium (5), high (5), very high (9)

PEstablished by decision-makers
“Estimated from Entropy method
dFinal ranks established using TOPSIS method

€A KSA standard for unrestricted irrigation, toilet flushing, street and pedestrian, and firefighting (MWE 2006)

fB: KSA standard for restricted irrigation (MWE 2006)

Evaluation and final ranking of AGW treatment options
using MCDM

Table 3 presents the scoring matrix showing the estimated
values for all the AGW treatment options against the set of
evaluation criteria. WQI, cost, and land requirements are
the objective criteria, while need of skilled operators was
estimated subjectively based on expert opinion.

Tentative cost estimates for all the options, given in
Table 3, show that CSAS is the most expansive treatment
option while DF is the least cost option. Both the DF and
FAS processes commonly consist of a filtration stage where
a low-cost ceramic filter was employed instead of alum coag-
ulation. Use of a low-cost ceramic filter would be more eco-
nomical and sustainable than the use of alum coagulation.
Other advantages of ceramic filter are: (1) easy to maintain
due to prolonged operation without clogging and has low
sludge production due to chemical-free operation, (2) low
energy consumption due to less use of pumps, (3) low oper-
ating cost, and (4) does not require highly skilled operators
(Shafiquzzaman et al. 2018). Instead of a conventional back-
wash process, a very simple and effective cleaning proce-
dure using soft brush is recommended (Shafiquzzaman et al.
2018), which eventually reduces the cost of filter recovery
process (cleaning or replacement).

Priori and importance weights established using Entropy
method are given in second and third rows, while final ranks
found by TOPSIS application are given in the last column
of Table 3. Detailed calculations are attached as “Appendix
B” (see Supplementary Information). It is evident from the
MCDM results provided in Table 3 that DF is technically
feasible and least cost option to reuse AGW for restricted
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irrigation. FAS being the top ranked is the most feasi-
ble treatment option for unrestricted irrigation and other
purposes.

The overall study results demonstrate that the low-cost
filter (i.e., DF) may be the most technically feasible and
least cost option for landscape applications in the periph-
ery of the mosques. However, to recycle treated AGW for
wider intended uses, i.e., toilet flushing, landscaping, and
floor washing, FAS can be used with minimal environmental
impact (i.e., highest WQI) and optimal cost (i.e., less than
CSAS) and relatively less need of highly skilled operators
(due to less involvement of chemicals in the treatment pro-
cess). The findings of present study clearly provide technical
guidelines with sufficient experimental evidence for reuse of
AGW in arid and semiarid environmental regions, such and
KSA and rest of Gulf countries.

Conclusion

All five filtration processes tested in this study were found
simple and effective for AGW treatment, as per the required
standards for possible reuse applications. Overall, high
removal efficiencies of turbidity, COD, and BOD were
observed for all the treatment options. BOD (<20 mg/L)
and COD (<35 mg/L) in the DF, CS, and CSF processes
were found suitable for restricted irrigation purposes, but
not for unrestricted irrigation.

The addition of an AC-adsorption stage with both the
ceramic filtration (FAS treatment) and alum coagulation
(CSAS treatment) options brought significant reductions to
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the enhancement of COD and BOD and suitable for unre-
stricted irrigation and other purposes.

Direct ceramic filtration (DF), alum coagula-
tion—sedimentation (CS), and alum coagulation—sedimenta-
tion—ceramic filtration (CSF) processes can be alternatively
used for contaminants removal from AGW, while CSAS and
FAS processes can be alternatively used for contaminants
removal from AGW. Results of MCDM verified that DF
is technically feasible and least cost option to reuse AGW
for restricted irrigation. FAS being the top ranked option
to recycle treated AGW for wider intended uses (i.e., toi-
let flushing, unrestricted irrigation, and firefighting) can
be used with minimal environmental impacts (i.e., highest
WQI), optimal cost (i.e., less than CSAS), and relatively
less need of highly skilled operators (due to less involve-
ment of chemicals in the treatment process). A low-cost
ceramic filter shall positively contribute toward sustainable
AGW reuse applications. The findings of present study may
provide technical guidelines for reuse of AGW in arid and
semiarid environmental regions, such as KSA, other Gulf
countries, and rest of the world.
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